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Using a double-pump pulse approach and laser-induced THz emission as an 
ultrafast amperemeter and magnetometer, we show that a femtosecond laser pulse 
generates ferromagnetic nuclei in a FeRh/Pt bilayer, i.e. these nuclei acquire a net 
magnetization and a susceptibility to a magnetic field, but only 20 ps after the initial 
laser excitation. We argue that this latency is intrinsic to the first-order phase 
transitions from antiferromagnetic to ferromagnetic states and must be present 
even in the case when the sign of the exchange interaction changes 
instantaneously. 
 
Understanding how fast short-range interactions build up long-range order is one of the 
most intriguing topics in condensed matter physics. In magnetism, this is where the 
microscopic spin-spin exchange interaction is ultimately responsible for the ordering of 
spins and the emergence of a macroscopic net magnetization. An intriguing example that 
has attracted considerable attention in material science [1], magnetic recording [2] and 
spintronics [3] is the first-order magnetic phase transition in FeRh. Below the phase 
transition temperature (TPT = 370 K), the material is in the antiferromagnetic phase with 
two antiparallel Fe sublattices while the Rh sites have no magnetic moment. Above TPT, 
the material is in the ferromagnetic phase where the Rh sites gain a magnetic moment 
and the magnetization of the Fe and Rh sublattices align parallel. This phase transition of 
FeRh upon heating has become a heavily studied and controversial subject in magnetism 
[1].  
The availability of femtosecond laser pulses as ultrafast heat sources initiated a plethora 
of experimental studies of the speed at which the magnetization emerges. The very first 
time-resolved experiments showed that when a femtosecond infrared pulse excites FeRh, 
a sub-picosecond magneto-optical Kerr signal assigned to the growth of the net 
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magnetization was observed [4], [5]. A similar study when probed with a X-ray pulse, did 
not reveal any changes of the signal between the time delays 0 ps and 10 ps [6]. Other 
X-ray studies suggested that the transition to the ferromagnetic state must occur on a 
timescale of 100 ps [7]–[9]. Recently, THz emission from ultrafast magnetization 
dynamics was reported in FeRh/Pt where THz emission below TPT was suggested to 
originate from interfacial magnetism [10]. Hence the kinetics of the femtosecond laser-
induced first-order phase transition from the antiferromagnetic to the ferromagnetic state 
in FeRh remains largely unclear. 
This controversy arises because practically, all time-resolved studies of the emerging 
ferromagnetism in FeRh have employed stroboscopic pump-probe techniques. The latter 
require that after each pump pulse the medium relaxes back to the same initial state 
before the next pump arrives and the system follows the same path after excitations. At 
the same time, the first-order nature of the phase transition in FeRh implies that 
ferromagnetic and antiferromagnetic phases can co-exist in a broad temperature range 
that can be much broader than temperature hystereses may indicate [11]. Several 
experiments directly demonstrated not only temperature hysteresis, but even 
ferromagnetic domains nucleating at random positions and temperatures, far below TPT 
[12]–[17]. In stroboscopic measurements with high pump fluences, after each pump-
induced heating and cooling down, there is a finite probability that FeRh relaxes either to 
the initial antiferromagnetic or to the less favorable, but metastable low-temperature 
ferromagnetic state [18]. Hence, the next pump pulse can trigger two types of dynamics: 
from the antiferromagnetic to the ferromagnetic state or from the metastable low 
temperature to the high temperature ferromagnetic state. This uncertainty hampers the 
interpretation of stroboscopic measurements of FeRh and obscures the observation of 
the transition from the antiferromagnetic to the ferromagnetic state. 
Here we demonstrate the potential of a double-pump technique [19]–[21] to overcome 
this shortcoming and reveal multiscale kinetics of the magnetic first-order phase transition 
in FeRh. If a femtosecond laser pulse causes a sub-picosecond change of the 
magnetization or launches a sub-picosecond photocurrent pulse in the sample plane, the 
sample will emit THz radiation of magnetic dipole or electric dipole origin, respectively. 
Previous studies have shown that the THz emission from a magnetic dipole source in 
ferromagnets can be directly linked to ultrafast magnetization dynamics, where the 
electric field of the emitted radiation is proportional to a current source, 𝐄 ~ 𝐉 = 𝑐 𝛁 × 𝐌 
[22], [23].  
In magnetic/non-magnetic bilayers, such as FeRh/Pt, ultrafast magnetization dynamics 
generates a spin current across the metals interface that is converted in Pt to a charge 
current due to the inverse spin-Hall effect, 𝐣𝐜~𝐌 × 𝐣𝑠 [24], [25]. Ohm’s law, 𝐄 = 𝜎
−1 𝐣𝐜, 
then dictates that an electric field is emitted similar to a varying electric dipole. Hence, the 
strength of the THz emission is a measure of ultrafast laser-induced magnetization 
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dynamics with both magnetic and electric dipole sources. The idea of our double-pump 
experiment is to generate nuclei of the ferromagnetic phase with the first femtosecond 
pump pulse. As soon as the nuclei become ferromagnetic, i.e. acquire a net 
magnetization, their excitation with the second femtosecond pump pulse will launch sub-
picosecond magnetization dynamics resulting in THz emission. The evolution of the THz 
emission must reveal the true kinetics of the ultrafast laser-induced magnetic phase 
transition. 
In our double-pump technique, the first pump pulse (pump 1) excites the medium at a 
repetition rate of f1, while the repetition rate of the second pump (pump 2) is at f2. The 
duration of the pulses is 50 fs and the fluence is 13(10) mJ cm-2 for pump 1(2). Using 
electro-optical sampling with the help of a ZnTe crystal [26] and a gate pulse at a time 
delay t, we detect the electric field of the emitted THz radiation affected by the action of 
pump 2. When the pump pulses temporally overlap, using lock-in detection at the 
repetition rate of pump 1, we detect the sum of the THz emission under action of pump 1 
and the peak amplitude difference in the THz electric field (ΔE) emitted under action of 
pump 2 with and without pump 1, respectively. When the pump pulses do not overlap, we 
only detect ΔE. With the lock-in detection at the repetition rate of pump 2, we only detect 
the THz emission under action of pump 2. Further details are explained in 
supplementary(1,2). 
Epitaxial FeRh thin film was embedded into a MgO/FeRh(40nm)/Pt(5nm) heterostructure. 
Both magnetic and structural characterizations confirm the high quality of the studied 
FeRh films [18]. Magnetization as a function of temperature, measured by vibrating 
sample magnetometry and shown in Figure 1, is in accordance with previous reports – 
the dependence is characterized by a temperature hysteresis between 340 K and 390 K. 
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Figure 1 The timeline of the laser-induced antiferromagnetic-ferromagnetic phase 
transition in FeRh under an applied magnetic field μ0H. Pump 1 induces the phase 
transition at t1. Pump 2 arrives at tn (n=2, 3, …) triggering THz emission from the 
ferromagnetic nuclei aligned along the magnetic field that increases in intensity with 
growing ferromagnetic nuclei. The temperature hysteresis of the FeRh magnetization (top 
left corner), measured by vibrating sample magnetometry [18], shows a characteristic 
first-order phase transition. 
Figure 2(a) shows the temporal evolution of the amplitude change of the THz emission 
under action of pump 2, ΔE, which corresponds to the change in the THz emission from 
the laser-induced nuclei. The data are shown for the cases when the femtosecond pulses 
pump the sample from the side of the Pt-film and from the side of the MgO-substrate, 
respectively. The dynamics in these two cases are substantially different, and further 
analysis shows that the THz emission originates from at least two sources with different 
symmetries with respect to space inversion. The THz electric field emitted by magnetic 
dipoles originates from the rapidly changing magnetization in the bulk of FeRh and does 
not change sign upon changing the pumping side of the sample. However, the THz 
electric field emitted by electric dipoles related to spin currents and should change sign 
upon changing the pumping side of the sample. 
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Figure 2 (a) Temporal evolution of the amplitude change of the THz emission under the 
action of pump 2, ΔE, at an applied magnetic field of 120 mT for the cases when the 
MgO/FeRh/Pt heterostructure is pumped from the MgO-side (orange) or the Pt-side 
(blue). (b) Dynamics of the magnetic dipole (red) and electric dipole (purple) contributions 
to the THz emission deduced from the data in panel (a). 
Exploiting the difference in symmetries, we calculated the dynamics of the magnetic and 
electric dipole contributions to the laser-induced changes in the THz emission for the 
sources of magnetic and electric dipole origin. For this purpose, we took the sum and the 
difference between the experimental results for pumping from the MgO- and the Pt-side. 
In order to compare these two different experimental results, the data obtained for the 
case of pumping from the MgO-side were renormalized (see Figure 2(a)) following the 
procedure explained in supplementary(3).   
Figure 2(b) shows how the electric and the magnetic dipole contributions to the THz 
emission evolve in time. At 420 K, above the temperature of the phase transition, where 
FeRh is in the ferromagnetic phase, we observe a sub-picosecond drop and a slow 
recovery of the THz radiation. For more details, see supplementary(4). In this case, both 
the pump pulses initiate ultrafast demagnetization of ferromagnetic FeRh and this 
demagnetization is accompanied by THz emission. If the first pump pulse has 
substantially demagnetized the sample, the second pump will demagnetize FeRh much 
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less than in the case when the first pump was not present. Temporal separation of the 
first and the second pump pulses result in a partial recovery of the net magnetization and 
thus in a partial recovery of the THz emission. Below TPT (300 K and 360 K), the dynamics 
of the THz emission of electric and magnetic dipole origin are substantially different. The 
sub-picosecond drop and negative sign of the electric dipole signal must originate from 
THz emission due to ultrafast demagnetization of ferromagnetic nuclei [10], which exists 
even far below TPT [27]. After about 20 ps, the electric and magnetic dipole contributions 
to the THz emission are growing (see Figure 4), indicating a growth and alignment of 
pump 1 generated ferromagnetic nuclei along the magnetic field. 
In order to suppress the THz emission contributions of the residual ferromagnetic nuclei 
as well as contributions of non-magnetic origin [28], we employed the fact that the 
dynamics of the newly laser-induced and randomly oriented ferromagnetic nuclei in FeRh 
must be susceptible to an applied magnetic field while the picosecond-dynamics of the 
residual nuclei hardly depends on the field in this range. In particular, a magnetic field 
was applied in the sample plane and the measurements were performed in field strengths 
from 15 mT to 105 mT (see supplementary(5)). We focus on the case where electric and 
magnetic dipole contributions interfere constructively, i.e. when the sample was pumped 
from the MgO-side (see Figure 3). Since the demagnetization of the residual 
ferromagnetic nuclei does not depend on the magnetic field dependence at low field 
strengths [29] we can subtract the data obtained at the field of 15 mT to remove signals 
originating from residual ferromagnetic nuclei as well as non-magnetic sources. This will 
reveal the multiscale kinetics of the laser-induced ferromagnetic nuclei. 
The dynamics were fitted with 𝐴1 (1 − 𝑒
−
𝑡
𝜏𝑅𝑖𝑠𝑒) + 𝐴2𝑒
−
𝑡
𝜏𝑅𝑒𝑙𝑎𝑥, where 𝜏𝑅𝑖𝑠𝑒 and 𝜏𝑅𝑒𝑙𝑎𝑥 are the 
rise and relaxation times, respectively. The plot of 1/𝜏𝑅𝑖𝑠𝑒 as a function of the magnetic 
field reveals a linear dependence (see inset in Figure 3). Although the fit reproduces the 
overall observed dynamics, the large mismatch shows that it is insufficient to consider 
only two timescales. 
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Figure 3 The sub-nanosecond evolution of ΔE(μ0H) – ΔE(15mT) (μ0H = 30, 60, and 105 
mT), with their respective fits. The inset shows the inverted rise time 1/𝜏𝑅𝑖𝑠𝑒   as a function 
of the applied magnetic field. The line serves as a guide to the eye. 
To understand the origin of the mismatch, we studied the temporal evolution of ΔE below 
50 ps. Figure 4 clearly reveals an additional regime in the dynamics. It is seen that up to 
20 ps the THz emission does not depend on the applied magnetic field, demonstrating 
that the nuclei generated by pump 1 are not in the ferromagnetic state yet. The onset of 
the sensitivity to the magnetic field and thus the ferromagnetic behavior is seen only after 
a latent period of 20 ± 5 ps. After 20 ps, ΔE linearly increases up to 40 ps, with a slope 
proportional to the magnetic field (see inset).  
A similar latent period 10 ± 3 ps was also observed in the case of FeRh(40nm)/Au(5nm), 
where THz emission is dominated by magnetic dipole sources. Although the signal-to-
noise ratio was much worse, ΔE depends on the magnetic field only 10 ps after the first 
laser pulse. Afterwards the signal grows similarly to the case of FeRh/Pt. The details are 
discussed in supplementary(6,7). 
The absence of any ultrafast dynamic in the ΔE(μ0H) – ΔE(15mT) signal is crucial. This 
means that any ultrafast dynamics in FeRh must originate from residual ferromagnetic 
nuclei and not the newly laser-induced nuclei which resulted in the controversy. Moreover, 
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the observed latency in the ability of the laser-induced nuclei to emit THz radiation is in 
agreement with the findings of Ref.[7], that claimed that the phase transition from the 
antiferromagnetic to the ferromagnetic state has two intrinsic timescales: one for the initial 
nucleation of the ferromagnetic nuclei which is the same for both magnetic and structural 
dynamics, and a second one for the subsequent growth and alignment of the 
ferromagnetic nuclei aligned to the applied magnetic field. While the characteristic time 
of the structural changes 𝜏, which eventually lead to a formation of new domains, is 
defined by the speed of sound 𝑣 and the film thickness ℎ (𝜏 = ℎ/𝑣), the processes which 
evolve in the spin system at this timescale have not been discussed yet and remain 
unclear.  
Here we address this issue through the analysis of a first-order phase transition model in 
FeRh. First, we consider the scenario where the phase transition in FeRh may originate 
from a competition between Heisenberg 𝐽1𝑴1 ∙ 𝑴2 and biquadratic interactions 
𝐽2(𝑴1 ∙ 𝑴2)
2 for fixed exchanged parameters 𝐽1 < 0 and 𝐽2 > 0 [30], [31]. 𝑴1 and 𝑴2 are 
the macroscopic magnetic moment on the Fe sublattices. Since (𝑴1 ∙ 𝑴2)
2 decreases 
faster than 𝑴1 ∙ 𝑴2 upon a temperature increase, the antiferromagnetic(ferromagnetic) 
terms dominate at low(high) temperatures. This approach is analogous to the one 
employed for the description of the first-order phase transition in antiferromagnetic CuO 
[32]–[34]. Second, we consider the scenario similar to the magnetic analog of the Jahn-
Teller effect where the deformation of the crystalline structure can lift the orbital 
degeneracy of the Rh sites [35], [36]. This has been ignored until now. The magnetic 
Jahn-Teller-like effect implies that the ground states of the Rh sites are degenerate and 
exchange coupled with the antiferromagnetic Fe sublattice. The degeneracy can be lifted 
by spin-flipping the magnetic structure of the antiferromagnetic phase, i.e. lowering of 
magnetic symmetry around the Rh sites. Since this phenomenon has a cooperative 
character, the symmetry of the entire crystal is lowered. This first-order spin-reorientation 
phase transition is then accompanied by the canting of spins leading to the emergence 
of the net magnetization. 
Now we consider the following generic free energy density which encompasses both 
scenarios: 
𝐹 = 𝑓(𝑀1
2) + 𝑓(𝑀2
2) + 𝐽1𝑴1 ∙ 𝑴2 + 𝐽2(𝑴1 ∙ 𝑴2)
2 − 𝐾(𝑴1𝑧
2 + 𝑴2𝑧
2 ) − 𝑴 ∙ 𝑯0 + 𝐹Rh. (1) 
The first two terms describe the non-equilibrium exchange energy per unit cell that is 
responsible for the formation of 𝑴1 and 𝑴2. In addition, the uniaxial anisotropy is 
parametrized with a strength 𝐾 and the Zeeman interaction with an applied magnetic field 
𝑯0 where 𝑴 = 𝑴1 + 𝑴2. The last term in Eq. (1) is the free energy of the Rh spin 𝑴3. It 
is derived assuming an interaction energy 𝐸Rh = − 𝑴3 ∙ (𝐽3𝑴 + 𝑯0), where 𝐽3 > 0 
parametrizes the Fe-Rh exchange interactions. To obtain a model involving effective Fe-
Fe interactions alone, 𝑴3 is integrated out yielding 𝐹Rh = −𝑘B𝑇 ln(2 cosh(∆/𝑘B𝑇)), with 
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∆2= 𝑀3
2 ((𝐽3𝑀𝑥 + 𝐻0𝑥)
2 + (𝐽3𝑀𝑦 + 𝐻0𝑦)
2
+ (𝐽3𝑀𝑧 + 𝐻0𝑧)
2), and 𝑀3~1𝜇𝐵 the magnetic 
moment of Rh. The laser-induced demagnetization and the relaxation to the high-
temperature ferromagnetic phase is described using two coupled equations 
𝑑𝑴𝑖
𝑑𝑡
= 𝛾𝑴𝑖 × 𝑯𝑖 + 𝑹𝑖, 
  
(2) 
where 𝑖 = 1,2, 𝑹𝑖 = 𝑑𝑄/𝑑𝑯𝑖, with 𝑯𝑖 = −𝑑𝐹/𝑑𝑴𝑖. The dissipation function is defined as 
2𝑄 = 𝜆𝑟(𝑯1
2 + 𝑯2
2) + 𝜆𝑒(𝑯1 − 𝑯2)
2, (3) 
where 𝜆𝑟(𝜆𝑒) is the relaxation parameter of relativistic(exchange) origin. They govern the 
longitudinal relaxation of the Fe spins commonly observed in ultrafast laser-induced 
dynamics of metallic magnets [37, Sec. 3.6.3], [38], [39] with the dimension of 𝛾𝑀 where 
𝛾 is the gyromagnetic ratio. As shown in the supplementary_theory, under weak magnetic 
fields one can neglect second-order terms in the small parameter 𝑴 ∙ 𝑳 = (𝑀1
2 − 𝑀2
2) ≪
(?̅?1
2 = ?̅?2
2), where 𝑀𝑖̅̅ ̅ indicates the equilibrium sublattice magnetization. Hence, even in 
the presence of longitudinal dynamics, the transition proceeds analogous to a spin-flop 
transition, where the net magnetization 𝑴 grows perpendicular to the antiferromagnetic 
vector 𝑳 (see Figure 1). By analyzing the equations of motion we identify the following 
timescales:  
(i) The field-independent relaxation of the antiferromagnetic vector 𝑳 with 
𝜏𝐿~1/ [(𝜆𝑟 + 2𝜆𝑒) (𝐽1 − 𝐽eff
𝐿 (𝑡))] (~1-10 ps),  
(ii) The field-independent increase of the net magnetization with 𝜏𝑀~1/𝜆𝑟 (𝐽1 +
𝐽eff
𝑀 (𝑡)) (~10 ps),  
(iii) The field-dependent net increase of the magnetization along the magnetic field 
𝜏𝐻~𝑀
2/𝜆𝑟𝑴 ∙ 𝑯0 (~100 ps for the fields applied in the experiment). 
Here, 𝐽eff
𝑀,𝐿
 includes the static contributions of 𝐾 supplemented with time-dependent terms 
originating from 𝑓′(𝑀𝑖
2) = 𝑑𝑓/𝑑𝑀𝑖
2, 𝐽2𝑴1 ∙ 𝑴2, and 𝑑𝐹Rh/𝑑𝑀𝑖. Hence, processes (i) and 
(ii) can contribute to the latency in the response of the spins. Even if the femtosecond 
laser causes an instantaneous change of the exchange interaction, it will first launch spin 
dynamics dominated by the exchange field (𝐻1 ≫ 𝐻0; 𝐻2 ≫ 𝐻0). The isotropic exchange 
interaction alone cannot change the total spin of the sample. Only after the exchange-
driven dynamics is completed and spins arrive to the collinear ferromagnetic state does 
the net magnetization start to grow in the direction of the field due to the Zeeman term, 
on a timescale 𝜏𝐻~𝑀
2/𝜆𝑟 ∙ 𝑯0 in accordance with the inset of Figure 4. 
Finally, we note that in order to clarify the origin of the small difference in the latency for 
FeRh/Au and FeRh/Pt, one has to be able to experimentally distinguish exchange-driven 
spin dynamics from the dynamics of the exchange interaction. This is not yet possible, 
being one of the large challenges in the field [40]–[44]. 
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Figure 4 The picosecond evolution of ΔE(μ0H) – ΔE(15mT). The solid lines are guides to 
the eye for the linear increase between 20 ps and 40 ps. The inset shows the magnetic 
field dependence of the slope of this linear increase. 
To summarize, we demonstrated the potential of a double-pump combined with THz 
emission probe to investigate the multiscale kinetics of a magnetic first-order phase 
transition. Our experiments showed that ultrafast magnetization dynamics in previous 
reports can be explained by relating the signal to the residual ferromagnetic nuclei. We 
were also able to distinguish the laser-induced dynamics of the electric and magnetic 
dipole contributions to the THz emission from FeRh/Pt. Combined with the experiments 
at different magnetic fields we demonstrated that nuclei excited by a femtosecond laser 
pulse in antiferromagnetic FeRh becomes ferromagnetic, i.e. acquire susceptibility to a 
magnetic field, only after 20 ps. This latency is present in our model even with an 
instantaneous sign change of the exchange interaction.  
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Supplementary 
(1) Experimental Setup 
The THz emission spectroscopy setup in the double pump scheme uses two linearly 
polarized optical pump pulses, defined as pump 1 and pump 2, both with a pulse duration 
of 50 fs. The pulses were generated by a Ti:sapphire laser with a regenerative amplifier 
operating at a repetition rate of 1 kHz. Both pumps were weakly focused down to a 2 mm 
beamspot at the sample. The peak fluences of pump 1 and 2 were 13 mJ cm-2 and 10 mJ 
cm-2 at the sample surface, respectively. The delay stage of pump 2 was fixed at the 
position where the THz peak amplitude generated by pump 2 overlaps in time with the 
gate pulse. We then used the delay stage of pump 1 to vary the time delay between pump 
1 and 2. By introducing an optical chopper operating at 500 Hz in the beampath of pump 
1 one can detect the THz emission under action of pump 1 and the difference in THz 
emission (ΔE) under action of pump 2 with and without pump 1, respectively. By moving 
the chopper to the beampath of pump 2 one only detects the ΔE under action of pump 2. 
Pump 1 and pump 2 were passed via separate delay stages (see Figure S1(a)) so that 
the delay between the two pump pulses could be controlled together with the delay time 
with respect to the gate pulse. A variable external magnetic field B was applied parallel 
to the ?̂?-axis (axes are defined in Figure S1(a)) to control the direction of the in-plane 
magnetization of the sample. The emitted THz radiation was collimated and focused onto 
a ZnTe crystal by two gold plated parabolic mirrors. Two wire-grid polarizers were added 
right behind the sample (not shown in the figure). The wire-grid polarizers were fixed with 
its transmission axis parallel to the ?̂?-axis so that only the electric field component that is 
perpendicular to the magnetic field B will pass through. The gate pulse was focused onto 
the ZnTe crystal which overlaps with the THz electric field. The THz electric field was 
measured via ellipsometry using a combination of a lock-in amplifier and an optical 
balance detector [1]. 
(2) Two-Pump Lock-In Detection 
To correctly interpret the signal by two pumps at the lock-in amplifier we first indicate all 
possible signals under action of the pump pulses and the lock-in amplifier (the schematic 
illustration is shown in Figure S1(b)). We distinguish three signals, 
𝑉1(𝑡) = 𝐴1 sin(𝜔1𝑡 + 𝜃1), (1) 
𝑉2(𝑡) = 𝐴2 sin(𝜔2𝑡 + 𝜃2) + 𝐴12 sin(𝜔1𝑡 + 𝜃1), (2) 
𝑉𝑟(𝑡) = 𝐴𝑟 sin(𝜔𝑟𝑡 + 𝜃𝑟). (3) 
𝑉1(2) is the signal under action of pump 1(2) with an amplitude 𝐴1(2) at a repetition 
frequency of 𝜔1(2) and phase 𝜃1(2). In the case of 𝑉2, it consists of the sum of the signal 
from pump 2 alone and the combined signal from the coupling between pump 1 and 2, if 
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pump 1 arrives to the sample before pump 2. Here, 𝐴2 is the signal amplitude from pump 
2 at the repetition frequency of 𝜔2 and phase 𝜃2 and 𝐴12 is the signal amplitude under 
action of pump 2 and modulated by pump 1 at the repetition frequency 𝜔1 and phase 𝜃1. 
𝑉𝑟 is the internal reference signal of the lock-in amplifier where 𝜔𝑟 can be fixed as a higher 
harmonic provided by the external function generator and 𝜃𝑟 is the phase of the reference 
signal. The repetition frequencies are set so that 𝜔1 = 𝜔𝑟 where 𝜔𝑟/2𝜋 is 500 Hz and 
𝜔2 = 2𝜔1. The lock-in amplifier then uses a phase-sensitive detector to multiply the sum 
of all signals with the internal reference signal, 
𝑉𝑃𝑆𝐷 = 𝐴1𝐴𝑟 sin(𝜔𝑟𝑡 + 𝜃1) sin(𝜔𝑟𝑡 + 𝜃𝑟) + 𝐴2𝐴𝑟 sin(2𝜔𝑟𝑡 + 𝜃2) sin(𝜔𝑟𝑡 + 𝜃𝑟) +
𝐴12𝐴𝑟 sin(𝜔𝑟𝑡 + 𝜃1) sin(𝜔𝑟𝑡 + 𝜃𝑟). 
 
(4) 
Solving the product of the pump induced signals with the reference signal results in two 
DC terms and three AC terms, 
𝑉𝑃𝑆𝐷 =
1
2
𝐴𝑟[𝐴1[cos(𝜃1 − 𝜃𝑟) − cos(2𝜔𝑟𝑡 + 𝜃1 + 𝜃𝑟)] + 𝐴2[cos(𝜔𝑟𝑡 + 𝜃2 − 𝜃𝑟) −
cos(3𝜔𝑟𝑡 + 𝜃2 + 𝜃𝑟)] + 𝐴12[cos(𝜃1 − 𝜃𝑟) − cos(2𝜔𝑟𝑡 + 𝜃1 + 𝜃𝑟)]]. 
 
(5) 
Then the phase-sensitive detector output is passed through a low pass filter where it 
suppresses any AC signals. This only leaves the two DC terms as shown below 
𝑉𝑃𝑆𝐷 =
1
2
𝐴𝑟 cos(𝜃1 − 𝜃𝑟) [𝐴1 + 𝐴12], (6) 
𝑉𝑃𝑆𝐷 ∝ [𝐴1 + 𝐴12]. (7) 
The reference phase in eq. (6) can be tuned such that cos(𝜃1– 𝜃𝑟) can be set to 1. Then 
the signal detected by the lock-in amplifier is proportional to the amplitude 𝐴1 of pump 1 
and the coupled pump 1 and 2 amplitude 𝐴12 as is shown in eq. (7). A1 refers to the THz 
emission under action of pump 1. If pump 1 arrives before pump 2 then 𝐴12 refers to a 
pump 1-induced modulation of the signal under action of pump 2. It is clear that 𝐴12 is 
proportional to the change in THz emission under action of pump 2 (ΔE) with and without 
pump 1, respectively. 
It is then easy to exclude the signal of A1 by either subtracting the THz emission signal 
where pump 2 is blocked or by positioning the chopper in the beam path of pump 2 which 
means that the frequencies ω1 and ω2 are switched (indicated by the arrow near the 
chopper in Figure S1). In our case we chose the latter method. 
(3) Extracting Magnetic and Electric Dipole THz emission 
It is known that the THz emission of an electric dipole source changes sign under space 
inversion while the THz emission of a magnetic dipole does not [2], [3]. When the THz 
emission of the electric dipole is antiparallel to the THz emission of the magnetic dipole, 
the ΔE signal can switch sign which indicates a competition between the electric and 
magnetic dipole THz emission. This happens in the case of the Pt-side pumped THz 
emission. The ΔE signal where the electric and magnetic dipole were parallel aligned 
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(MgO-side) was scaled with respect to the ΔE signal where the electric- and magnetic 
dipoles were antiparallel aligned (Pt-side), 
𝐸(𝑡)
′ = 𝑠𝑔𝑛(𝑇𝑃𝑇 − 𝑇) ∗
𝐸(𝑡)
𝑀𝑎𝑥(|𝐸(𝑡)|)
∗
𝐸(𝑡=𝑥)
2
∗ 0.88. (8) 
The scaled signal, 𝐸(𝑡)
′ , is calculated by first normalizing the signal 𝐸(𝑡) to the maximum 
absolute value. The time 𝑡 = 𝑥 is defined at the timestamp where the THz emission 
strength of the electric dipole is equal to the magnetic dipole, this is where ΔE changes 
sign below TPT while above TPT it is the timestamp where 𝐸(𝑡) reaches its highest absolute 
value. We took account of a 12 percent reduction of the THz emission due to absorption 
and reflection from the MgO substrate and Pt layer. This was determined experimentally 
with a reference sample.  The magnetic and electric dipole THz emission was extracted 
by taking the sum and difference, respectively, between the MgO-side pumped and Pt-
side shown in Figure 2(a) in the main article. 
(4) Temperature Dependence 
Figure S2(a) shows the dynamics of ΔE pumped from the MgO-substrate side at various 
temperatures. The optical chopper was placed in the pump 2 beampath. Figure S2(b) 
shows the absolute value of the sub-picosecond drop in the double pump ΔE signal as 
well as the single pump peak amplitude of the THz waveform. The dynamics of ΔE in 
Figure S2(a) show a slow rise on the timescale of ~100 ps below TPT. Above TPT ΔE show 
a strong sub-picosecond dynamic that is opposite in sign with respect to the ΔE signal 
below TPT. However, near TPT the dynamic of ΔE show a combination of the two effects. 
These observed dynamics are in good agreement with the XMCD results reported in Ref. 
[4]. 
It is well known that femtosecond laser excitation of a metallic ferromagnet/heavy metal 
bilayer will trigger THz emission due to sub-picosecond demagnetization [2]. Therefore, 
the ΔE signal above the transition temperature must be interpreted as a decrease of the 
net magnetization as a result of the laser-induced demagnetization. The ΔE signal below 
TPT then must be assigned to an increase of the net magnetization. 
(5) Magnetic Field Dependence 
Figure S3(a) shows the dynamics of ΔE at various magnetic field strengths and Figure 
S3(b) shows the ΔE signal at opposite magnetic field polarity. The ΔE signal in Figure 
S3(a) shows a strong dependence to the external magnetic field where the signal strength 
increases while the dynamics changes significantly with the increase of the magnetic field. 
Moreover, a small but observable signal was still present when the external magnetic field 
was zero likely due to the presence of the residual FM nuclei. The asymmetric behavior 
in Figure S3(b) for opposite field polarity indicates that ΔE clearly represents the change 
in magnetization ΔM. 
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(6) Single Pump THz Emission in FeRh/Pt and FeRh/Au 
Figure S4 shows the single pump THz emission signal in FeRh/Pt and FeRh/Au at 400 
K. The THz electric field trace is show for both MgO-side and Pt(Au)-side pumping. In the 
case of FeRh/Pt the THz signal changes sign under space inversion (see Figure S4(a)). 
This is a clear indication that the inverse spin-Hall mechanism at the FeRh/Pt interface 
as well as in Pt responsible for the electric dipolar THz radiation [2] dominates the ultrafast 
demagnetization in FeRh responsible for the magnetic dipolar THz radiation [5]. However, 
in the case of FeRh/Au the THz signal does not change sign under space inversion (see 
Figure S4(b). This is a clear indication that the magnetic dipolar THz radiation from the 
FeRh bulk dominates the electric dipolar THz radiation at the FeRh/Au interface. 
(7) Double pump ΔE signal in FeRh/Au 
Figure S5(a, c) shows the subtracted ΔE signal where ΔE measured at 0.15 kG was 
subtracted from the ΔE at field H. The single pump THz emission in Figure S4 revealed 
that the magnetic dipole is the dominant THz emission source for the FeRh/Au 
heterostructure. Moreover, the ΔE signal as a function to the applied magnetic field shows 
the similar linear dependence as FeRh/Pt. The dashed lines in Figure S5(c) that 
represents the linear dynamic at the timescale less than 80 ps shows that ΔE only starts 
to respond to the magnetic field after a latency of 10 ± 3 ps. The extracted 1/𝜏𝑅𝑖𝑠𝑒 (Figure 
S5(b)) as well as the slope (Figure S5(d)) at the picosecond timescale showed a linear 
dependence to the magnetic field. 
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Figure S1 (a) An illustration of the experimental setup. The delay stage (1) of pump 1 will 
define the time delay Δt and the delay stage (2) of pump 2 will be fixed to set the temporal 
overlap with the gate pulse. The chopper is set at pump 1. (b) A schematic of every signal 
in voltages (y-axis) versus time (x-axis), from top to bottom. Following the description of 
section 2, the gate pulse signal is set at 1 kHz. The repetition rate of pump 1 is at 500 Hz 
while the repetition rate of pump 2 is at 1 kHz, respectively. The change in THz emission 
under action of pump 2 with and without pump 1, ΔE, is therefore at 500 Hz. The lock-in 
reference frequency is set at 500 Hz. The full description of the lock-in procedure is 
described in section 2. 
20 
 
 
Figure S2 (a) The laser-induced modulation of the THz emission, ΔE, at several 
temperatures separated at a fixed offset of 5 V/cm in a fixed magnetic field of 1.2 kG. (b) 
The absolute value of the drop in the double pump ΔE signal (black square) and the single 
pump THz peak signal (blue open circle) were extracted as a function of temperature. 
 
Figure S3 (a) The ΔE signal at various magnetic field strengths at 300 K. (b) The ΔE 
signal for opposite magnetic field polarity at 300 K. 
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Figure S4 The THz emission under action of a single pump from MgO-side pumping 
(black) and Pt(or Au)-side pumping (red) at 400 K. The THz emission was generated in 
the (a) FeRh/Pt or (b) FeRh/Au heterostructure. 
 
Figure S5 The low field subtracted ΔE signals at the (a) nanosecond and (c) picosecond 
timescale with their respective fits (dashed line). (b) The extracted 1/𝜏𝑅𝑖𝑠𝑒 and (d) the 
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slope as a function of the applied magnetic field. The solid line serves as a guide to the 
eye. 
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Supplementary Theory 
In this supplement we present a general phenomenological theory of the kinetics of first 
order phase transitions from an antiferromagnetic to a ferromagnetic state. We first 
consider a simplified free energy F containing exchange interactions between Fe spins 
alone, as well as the Zeeman interaction with an external magnetic field. Subsequently, 
we show that for the general free energy introduced in the main text the structure of the 
equations is the same, but with an effective time-dependent exchange interaction 𝐽𝑒𝑓𝑓(𝑡). 
We start out with the following phenomenological free energy density: 
𝐹 = 𝑓(𝑀1
2) + 𝑓(𝑀2
2) + 𝐽𝐌1 ∙ 𝐌2 − 𝐇0 ∙ (𝐌1 + 𝐌2). (1) 
Here 𝐌1 and 𝐌2 are the magnetization of Fe sublattices and 𝑓(𝑀
2) determines the 
nonequilibrium exchange energy density per unit cell that is responsible for the formation 
of the macroscopic magnetic moment on a given sublattice. The dynamics of the system 
is described by the set of equations (1, 2) 
𝑑𝐌1
𝑑𝑡
= 𝛾𝐌1 × 𝐇1 + 𝜆𝑟𝐇1 + 𝜆𝑒𝑥(𝐇1 − 𝐇2), (2) 
𝑑𝐌2
𝑑𝑡
= 𝛾𝐌2 × 𝐇2 + 𝜆𝑟𝐇2 + 𝜆𝑒𝑥(𝐇2 − 𝐇1). (3) 
Here 𝐇𝑖 = −𝛿𝐹/𝛿𝐌𝑖 is the effective field for sublattice 𝑖. The first term on the right-hand 
side describes precessional motion. The second and third term describe relaxation and 
can be written as 𝐑𝑖 = −𝛿𝑄/𝛿𝐇𝑖, where 𝑄 is the dissipation function per unit volume. For 
the isotropic case we have 
2𝑄 = 𝜆𝑟(𝐇1
2 + 𝐇2
2) + 𝜆𝑒𝑥(𝐇1 − 𝐇2)
2, (4) 
where 𝜆𝑟(𝜆𝑒𝑥) are relaxation parameters of relativistic (exchange) origin which have the 
dimension of 𝛾𝑀, where 𝛾 is the gyromagnetic ratio. In the absence of dissipation, 𝑀1
2 −
𝑀2
2 = 0 not only in the initial state but also in the subsequent dynamics. In the presence 
of longitudinal evolution, this is not true in general but as we show here, 𝑀1
2 − 𝑀2
2 ≪ 𝑀1
2̅̅ ̅̅ +
𝑀2
2̅̅ ̅̅  remains small in the parameter 𝐻0/𝐽𝑀, where 𝑀1
2̅̅ ̅̅ = 𝑀2
2̅̅ ̅̅  are the equilibrium values of 
𝑀𝑖
2. Expansion in the parameter 𝐻0/𝐽𝑀 decouples the longitudinal evolution from the 
precessional dynamics and allows us to identify distinct timescales in the dynamics. 
To study the dynamics, we need the effective fields: 
𝐇1 = −𝑓
′(𝑀1
2)2𝐌1 − 𝐽𝐌2 + 𝐇0, (5) 
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𝐇2 = −𝑓
′(𝑀2
2)2𝐌2 − 𝐽𝐌1 + 𝐇0, (6) 
where 𝑓′(𝑥2) = 𝑑𝑓/𝑑𝑥2. In the expressions below, it is convenient to work with 𝐌 = 𝐌1 +
𝐌2 and 𝐋 = 𝐌1 − 𝐌2 and the sum and difference of the effective fields: 
𝐇1 + 𝐇2 = −[𝑓
′(𝑀1
2) + 𝑓′(𝑀2
2) + 𝐽]𝐌 − [𝑓′(𝑀1
2) − 𝑓′(𝑀2
2)]𝐋 + 2𝐇0. (7) 
𝐇1 − 𝐇2 = −[𝑓
′(𝑀1
2) + 𝑓′(𝑀2
2) + 𝐽]𝐋 − [𝑓′(𝑀1
2) − 𝑓′(𝑀2
2)]𝐌. (8) 
We focus first on the dynamics of 𝐌 ∙ 𝐋 = 𝑀1
2 − 𝑀2
2, which is determined by the equation 
1
2
𝑑
𝑑𝑡
𝐌 ∙ 𝐋 =  𝐌1 ∙
𝑑𝐌1
𝑑𝑡
− 𝐌2 ∙
𝑑𝐌2
𝑑𝑡
= 𝜆𝑟(𝐌1 ∙ 𝐇1 − 𝐌2 ∙ 𝐇2) + 𝜆𝑒𝑥𝐌 ∙ (𝐇1 − 𝐇2). (9) 
The first term reads 
(𝐌1 ∙ 𝐇1 − 𝐌2 ∙ 𝐇2) = −(2𝑓
′(𝑀1
2)𝑀1
2 − 2𝑓′(𝑀2
2)𝑀2
2) + 𝐇0 ∙ 𝐋, (10) 
(𝐌1 ∙ 𝐇1 − 𝐌2 ∙ 𝐇2) = −
(𝑓′(𝑀1
2)−𝑓′(𝑀2
2))(𝑀2+𝐿2)
2
− (𝑓′(𝑀1
2) + 𝑓′(𝑀2
2))𝐌 ∙ 𝐋 + 𝐇0 ∙ 𝐋. 
(11) 
The second term is independent on 𝐇0 and reads 
𝐌 ∙ (𝐇1 − 𝐇2) = −(𝑓
′(𝑀1
2) + 𝑓′(𝑀2
2) − 𝐽)𝐌 ∙ 𝐋 − (𝑓′(𝑀1
2) − 𝑓′(𝑀2
2))𝑀𝟐. (12) 
Assuming that 𝑀1
2 = 𝑀2
2, we observe that the only nonzero term is 𝐇0 ∙ 𝐋. To analyze 
small deviations 𝑀1
2 ≠ 𝑀2
2, we linearize 𝑓′((𝑀2 + 𝐿2)/4 ± 𝐌 ∙ 𝐋/2) = 𝑓′((𝑀2 + 𝐿2)/4) ±
𝑓′′((𝑀2 + 𝐿2)/4)𝐌 ∙ 𝐋/2 and obtain 
1
2
𝑑
𝑑𝑡
𝐌 ∙ 𝐋 =  𝜆𝑟 (
1
2
𝑓′′ (
(𝑀2+𝐿2)
4
) (𝑀2 + 𝐿2) + 2𝑓′ (
(𝑀2+𝐿2)
4
)) 𝐌 ∙ 𝐋 + 𝜆𝑟𝐇0 ∙ 𝐋 −
𝜆𝑒 (2𝑓
′ (
(𝑀2+𝐿2)
4
) − 𝐽 + 𝑓′′ (
(𝑀2+𝐿2)
4
) 𝑀2) 𝐌 ∙ 𝐋. 
(13) 
In this equation, we observe that near a minimum of 𝑓(𝑥), all terms with 𝑓′(𝑥) and that 
𝑓′′(𝑥) have the same sign which tends to reduce |𝐌 ∙ 𝐋| . Second, the strength of these 
contributions is proportional to |𝐽|, in particular in equilibrium we have 2𝑓′ (
(𝑀2+𝐿2)
4
) =
2𝑓′(𝑀𝑖2̅̅ ̅̅ ) = 𝐽 > 0. Therefore, deviations |𝐌 ∙ 𝐋| ≠ 0 are small in the parameter 𝐻0 ≪ |𝐽|𝑀. 
As a result of that, also in the presence of longitudinal evolution the AFM-FM transition 
proceeds analogous to a spin-flop transition. 
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Next, we study the dynamics of 𝑀2 and 𝐿2 which is given by the equations 
1
2
𝑑
𝑑𝑡
𝑀2 = 𝜆𝑟𝐌 ∙ (𝐇1 + 𝐇𝟐) = −𝜆𝑟[(𝑓
′(𝑀1
2) + 𝑓′(𝑀2
2) + 𝐽)𝑀2 + (𝑓′(𝑀1
2) −
𝑓′(𝑀2
2))𝐌 ∙ 𝐋 − 2𝐌 ∙ 𝐇0], 
(14) 
1
2
𝑑
𝑑𝑡
𝐿2 = (𝜆𝑟 + 2𝜆𝑒𝑥)𝐋 ∙ (𝐇1 − 𝐇𝟐) = −(𝜆𝑟 + 2𝜆𝑒𝑥)[(𝑓
′(𝑀1
2) + 𝑓′(𝑀2
2) − 𝐽)𝐿2 +
(𝑓′(𝑀1
2) − 𝑓′(𝑀2
2))𝐌 ∙ 𝐋]. 
(15) 
In this case, linear expansion of 𝑓′(𝑀𝑖
2) in 𝐌 ∙ 𝐋 yields only second order contributions 
(𝐌 ∙ 𝐋)2 ∝ (𝐻0/|𝐽|𝑀)
2. Neglecting these decouples the equations for 𝑀2, 𝐿2 from that of 
𝐌 ∙ 𝐋: 
1
2
𝑑
𝑑𝑡
𝑀2 = −𝜆𝑟 [2 (𝑓
′ (
(𝑀2+𝐿2)
4
) + 𝐽) 𝑀2 − 2𝐌 ∙ 𝐇0], 
(16) 
1
2
𝑑
𝑑𝑡
𝐿2 = −(𝜆𝑟 + 2𝜆𝑒𝑥) [2𝑓
′ (
(𝑀2+𝐿2)
4
) − 𝐽] 𝐿2. (17) 
Starting from the equilibrium condition 2𝑓′(𝑀𝑖2̅̅ ̅̅ ) = 𝐽, we distinguish the following time 
scales in the equations for 𝑀2, 𝐿2 after an instantaneous change 𝐽 → −|𝐽|: 
 𝜏𝐿~1/(𝜆𝑟 + 2𝜆𝑒𝑥)2|𝐽| is the time scale at which 𝐿
2 diminishes. It is governed by 
exchange interactions alone and is not limited by angular momentum transfer to 
the environment. 
 𝜏𝑀~1/𝜆𝑟|𝐽| describes the change of 𝑀
2 due to exchange interactions. For  𝐽 →
−|𝐽|, we have 2𝑓′ (
(𝑀2+𝐿2)
4
) + 𝐽 → |𝐽| − |𝐽| = 0, and the increase of 𝑀 follows after 
relaxation of 𝐿2 at a time scale 𝜏𝐿, which rapidly diminishes the strength of the 𝑓
′ 
term and enables growth of 𝑀2. 
 𝜏𝐻~𝑀
2/2𝜆𝑟𝐌 ∙ 𝐇0 describes the increase of the magnetization 𝑀 due to the 
applied magnetic field. 
Since 𝜆𝑒𝑥 ≫ 𝜆𝑟 the exchange relaxation time scale is smaller than that of the relaxation 
of the magnetization: 𝜏𝐿 ≪ 𝜏𝑀. For magnetic field strengths used in the experiments we 
also have 𝜏𝑚 < 𝜏𝐻. Hence, even if 𝐽 changes sign instantaneously, it can be expected 
that the system responds linearly to the external magnetic field only after the exchange-
driven dynamics (𝜏𝐿,𝑀) is completed. 
Next we investigate a more generic free energy: 
𝐹 = 𝑓(𝑀1
2) + 𝑓(𝑀2
2) + 𝐽1𝐌1 ∙ 𝐌2 + 𝐽2(𝐌1 ∙ 𝐌2)
2 − 𝐾(𝑀1𝑧
2 + 𝑀2𝑧
2 ) − 𝐇0 ∙ 𝐌 + 𝐹𝑅ℎ, (18) 
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Analogous to the treatment of Dy ions [3] in DyFeO3, we use a simple model that 
considers Rh spins of the Ising type, with a spin polarization determined by the 
combination of the FeRh exchange field 𝐽3 > 0 and the external magnetic field: 𝐸𝑅ℎ =
−𝐌3 ∙ (𝐽3𝐌 + 𝐇0). By integrating out the Rh spins from the full free energy, we obtain 
𝐹𝑅ℎ = −𝑘𝐵𝑇 ln 2 cosh(∆/𝑘𝐵𝑇), ∆
2= 𝑀3
2 ((𝐽3𝑀𝑥 + 𝐻0𝑥)
2 + (𝐽3𝑀𝑦 + 𝐻0𝑦)
2
+
(𝐽3𝑀𝑧 + 𝐻0𝑧)
2), 
(19) 
where 𝑀3~1𝜇𝐵 is the atomic spin moment of Rh per unit volume. For this more general 
free energy the effective fields are 
𝐇1 = −𝑓
′(𝑀1
2)2𝐌1 + 𝐾𝑀1𝑧 − (𝐽1 + 𝐽2𝐌1 ∙ 𝐌2)𝐌2 + 𝐇0 + 𝐇𝑅ℎ, (20) 
𝐇2 = −𝑓
′(𝑀2
2)2𝐌2 + 𝐾𝑀1𝑧 − (𝐽1 + 𝐽2𝐌1 ∙ 𝐌2)𝐌1 + 𝐇0 + 𝐇𝑅ℎ, (21) 
𝐇𝑅ℎ =
𝐽3𝑀3
2
∆
tanh(∆/𝑘𝐵𝑇) [𝐽3𝐌 + 𝐇0] ≡ 𝐽3(𝑇)𝐌 + 𝜇𝑅ℎ(𝑇)𝐇0, 
(22) 
where 𝐽3(𝑇) is an effective temperature dependent exchange interaction and 𝜇𝑅ℎ(𝑇) the 
dimensionless temperature-dependent spin polarization of Rh. The sum and difference 
of the effective fields become 
𝐇1 + 𝐇2 = − [𝑓
′(𝑀1
2) + 𝑓′(𝑀2
2) + 𝐽1 +
𝐽2(𝑀
2−𝐿2)
4
+ 2𝐽3(𝑇)] 𝐌 + 𝐾𝑀𝑧𝐞𝑧 −
[𝑓′(𝑀1
2) − 𝑓′(𝑀2
2)]𝐋 + 2(1 + 𝜇𝑅ℎ)𝐇0, 
(23) 
𝐇1 − 𝐇2 = − [𝑓
′(𝑀1
2) + 𝑓′(𝑀2
2) − 𝐽1 −
𝐽2(𝑀
2−𝐿2)
4
] 𝐋 + 𝐾𝐿𝑧𝐞𝑧 − [𝑓
′(𝑀1
2) −
𝑓′(𝑀2
2)]𝐌. 
(24) 
Ignoring terms ∝ (𝐻0/|𝐽1|𝑀)
2, yields the following equations for the longitudinal evolution 
1
2
𝑑
𝑑𝑡
𝑀2 = −𝜆𝑟 [(2𝑓
′ (
(𝑀2+𝐿2)
4
) + 𝐽1 +
𝐽2(𝑀
2−𝐿2)
4
+ 2𝐽3(𝑇)) 𝑀
2 − 2(1 + 𝜇𝑅ℎ)𝐌 ∙ 𝐇0], 
(25) 
1
2
𝑑
𝑑𝑡
𝐿2 = −(𝜆𝑟 + 2𝜆𝑒𝑥) [2𝑓
′ (
(𝑀2+𝐿2)
4
) − 𝐽1 −
𝐽2(𝑀
2−𝐿2)
4
− 𝐾] 𝐿2, (26) 
Hence, the structure of the equations is analogous to the simpler case discussed above 
and we can identify the timescales as 
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 𝜏𝐿~1/(𝜆𝑟 + 2𝜆𝑒𝑥)(𝐽1 − 𝐽𝑒𝑓𝑓
𝐿 (𝑡)), 𝐽𝑒𝑓𝑓
𝐿 (𝑡) ≡  2𝑓′ (
(𝑀2+𝐿2)
4
) −
𝐽2(𝑀
2−𝐿2)
4
− 𝐾 
 𝜏𝑀~1/𝜆𝑟(𝐽1 + 𝐽𝑒𝑓𝑓
𝑀 (𝑡)), 𝐽𝑒𝑓𝑓
𝑀 (𝑡) ≡  2𝑓′ (
(𝑀2+𝐿2)
4
) +
𝐽2(𝑀
2−𝐿2)
4
− 2𝐽3(𝑇) 
 𝜏𝐻~𝑀
2/2𝜆𝑟(1 + 𝜇𝑅ℎ(𝑇))𝐌 ∙ 𝐇0. 
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